We present the theory and numerical results for interferometrically extrapolating ocean bottom seismic (OBS) and surface seismic profile (SSP) data. This method employs a natural Green's function (i.e. shot gather) and a model-based Green's function. Numerical results show that the OBS and SSP receiver apertures can be more than doubled in width by applying interferometric extrapolation to seismic data. Results also suggest that an OBS or marine SSP survey can yield much more information about the reflectors if data are extrapolated by interferometry. This assumes that the sources are located both outside and inside the recording aperture.
INTRODUCTION
OBS and SSP surveys are commonly used for marine data acquisition. In these surveys, both primaries and multiples are recorded, but typically only primary reflections are imaged. However the multiples also contain valuable information about the reflectors and should be imaged to extend the subsurface illumination area.
Many successful methods for imaging downgoing multiples have been implemented in recent years. For example, a mirror imaging condition can be used to migrate free-surface multiples in OBS data to enlange the illumination aperture (Grion et al., 2007) . Another example is SSP interferometric interpolation, where missing traces are filled in by using surface related multiples (Curry, 2006; Wang and Schuster, 2007; Verschuur and Berkhout, 2007) .
Can interferometry theory be used to extrapolate data? In this paper, we will show how to extrapolate OBS and SSP data by interferometric extrapolation. This method converts surface and seabed related multiples into primaries recorded at virtual geophones outside the receiver array. No velocity model for the sediments is needed. The interpolated data can be used for migration, velocity analysis, tomography, and can be used to illuminate much wider areas of the subsurface. This method can be considered as an adaption of VSP interferometry (Yu et al., 2001 (Yu et al., , 2006 to SSP and OBS data. This paper is divided into three parts: first, the theory of interferometric extrapolation is presented; then several numerical tests on the SIGSBEE model are shown; at last, a brief conclusion and discussion are given.
THEORY
The OBS → OBS correlation transform is used for extrapolation of OBS data. In this method, we use a model-based single well profile (SWP) Green's function, as shown in Figure 1 .
The diagrams show how SWP traces (with both sources and receivers on the ocean bottom) are correlated with recorded OBS traces to generate OBS traces outside the receiver array on the sea floor. This correlation operation is required by the acoustic reciprocity equation (Schuster, 2008) of correlation type for a two-state system, where one state is the acoustic field associated with the multi-layered model shown in Figure 1 and the other state is associated with a sea-floor model.
The reciprocity equation of correlation type can be described as (Schuster, 2008) :
where, S s is the boundary along the sea floor and the integration along the free surface vanishes because both Green's functions are zero there. The integration volume is restricted to the ocean layer where both the sea-floor model and multilayer model agree. The contributions from the infinite vertical boundaries at infinity to the left and right of the boat will be ignored.
The above equation is a reciprocity equation of correlation type (Wapenaar, 2004; Schuster, 2008) for two different states, which can be used for extrapolation of traces. The far-field approximation to equation 1 yields the OBS → OBS transform
where the A and B positions are, respectively, just below the free surface and just above the sea floor. For a geophone on the sea floor the principal value contribution should be taken into account (Schuster, 2008) .
To implement this equation, the recorded OBS data are used to estimate G(A|x) and a finite-difference solution to the wave equation is used to estimate G 0 (B|x) * for the ocean-layer model that only contains the free surface and ocean bottom interfaces. This FD calculation is possible because the sea floor topography is often well known beneath any exploration survey, so the extrapolation method is a hybrid procedure that uses both natural and model-based Green's functions.
Similarly, the far-field approximation to equation 1 can also yield the SSP → SSP correlation transform The above equation is almost the same as equation 2 except that all Green's functions are SSP related and both A and B are just below the sea surface. To implement this equation, the SSP data are used to estimate G(A|x) and G 0 (B|x) * . A finitedifference solution to the wave equation can also be used to estimate G 0 (B|x) * for the ocean-layer model that only contains the free surface and ocean bottom interfaces if the sea floor topography is well known. This transform is illustrated by ray diagrams in Figure 2 . That shows how SSP traces (with both sources and receivers near the free surface) are correlated to generate SSP traces outside the receiver array.
NUMERICAL TEST
The interferometric extrapolation strategy is tested on a portion of the SIGSBEE model shown in Figure 3 . Finite-difference solutions are used to generate the OBS and SSP traces. Figure 4 shows a typical shot gather with a narrow receiver aperture for the SIGSBEE synthetic data. There are 200 shots evenly distributed near the free surface, with 100 receivers distributed just below the free surface, where the geophone interval is 30.48 meters. The geophone aperture is 3000 meters which is one half that of the source aperture; and the extrapolation results are shown in Figure 5 . We can see that many events are correctly predicted compared to the true shot gather with a wide receiver aperture shown in Figure 6 . The migration results for the original data and the extrapolated data, shown in Figures 7 and 8 , show that the extrapolation procedure almost doubled the original illumination area in the subsurface.
OBS Interferometric Extrapolation

SSP Interferometric Extrapolation
The SSP interferometric extrapolation method is tested on the SIGSBEE synthetic data. The velocity model is shown in Figure 3 , where there are 200 shots evenly distributed near the free surface, with 75 receivers and a geophone interval of 30.48 meters. The geophone aperture is 2300 meters. A typical shot gather, with a narrow receiver aperture, is shown in Figure 9 , and the extrapolation results are depicted in Figure 10 . Many events are correctly predicted compared to the actual shot gather (Figure 11 ) with a wide receiver aperture. The comparison of the migration results, shown in Figure 12 and Figure 13 , shows that the extrapolation method produces virtual data that almost doubled the original subsurface illumination.
CONCLUSIONS
The effectiveness of interferometric extrapolation of OBS and SSP data is tested on synthetic data for the 2D SIGSBEE 2B model. The results show that this method can kinematically extrapolate the OBS and SSP data and widen the receiver aperture significantly. This method might be used for seismic surveys in environmentally sensitive areas. For example, we can put receivers in a town and sources out of the town and get the reflectivity image beneath the town by using interferometric extrapolation. This method will be tested on 2D and 3D field data.
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X ( Figure 13: Migration image from the extrapolated SSP data set. The subsurface illumination aperture is more than doubled compared to that in Figure 12 .
